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MOTION OF LIQUID-VAPOR INTERFACE I N  

RESPONSE TO Il\rlPOSED ACCELERATION 

by W i l l i a m  J. Masica and Donald A. Petrash 

L e w i s  Research Center 

SUMMARY 

A s  a par t  of t he  general study of the  behavior of l iqu id  propellants 
stored i n  space-vehicle tanks while exposed t o  weightlessness, an experimental 
invest igat ion w a s  conducted t o  determine the  motion of the  liquid-vapor in t e r ­
face i n  a cy l indr ica l  container i n  response t o  a constant t r ans l a t iona l  accel­
erat ion.  The imposed accelerat ion w a s  applied p a r a l l e l  t o  t he  longitudinal ax i s  
of the  cylinder and w a s  d i rected pos i t ive ly  from the  vapor t o  the  l i qu id  phase 
separated by an i n i t i a l l y  highly curved interface.  The r e s u l t s  indicated t h a t  
the  liquid-vapor interface p ro f i l e  assumes t h e  form predicted by the  inviscid 
poten t ia l  theory of G. I. Taylor. The r a t e  a t  which the  vapor phase penetrates 

, the  liqLiid phase ( the  ullage ve loc i ty)  w a s  empirically correlated as a functlon 
of known syst,em parameters f o r  Bond numbers greater  than 1 and f l u i d s  possessing 
low v iscos i t ies .  The leading edge of t he  liquid-vapor interface w a s  found t o  
accelerate  over distances comparable t o  fineness r a t i o s  of 2; the  magnitude of 
accelerat ion i s  a known function of ullage velocity.  

INTRODUCTION 


The advent of the  more complex space missions has accentuated the  neces­
s i t y  of obtaining optimum solutions t o  the  problems associated with l iquid-
vapor systems i n  a weightless, or zero-gravity, environment. I n  par t icu lar  the  
use of increasingly sophisticated space vehicles with l iquid-propellant propul­
sion systems demands e f f i c i e n t  tank venting and r e l i a b l e  engine r e s t a r t  capa­
b i l i t i e s  following periods of weightlessness encountered i n  coasting f l i g h t .  
The theo re t i ca l  s tudies  of t he  parameters defining the  s t a t i c  configuration and 
posi t ion of t he  liquid-vapor interface f o r  conditions under which no external  
accelerations d is turb  t h e  system a f t e r  enter ing Weightlessness i s  extensive and 
has been experimentally ve r i f i ed  ( A  summary, f o r  example, is  given i n  ref. 1.). 
Rea l i s t i c  space vehicles,  however, w i l l  be subjected t o  a va r i e ty  of dis turb­
ances resu l t ing  from shutdown t r ans i en t s ,  o r ien ta t ion  maneuvers, atmospheric 
drag i n  low Earth o rb i t s ,  e tc .  I n  general, these disturbances w i l l  occur at  a l l  
angles t o  the  vehicle t h r u s t  axis and will tend t o  disrupt  t he  established 
liquid-vapor in te r face  and cause vapor tomove i n  the d i rec t ion  of t he  accel­
e r a t  ion. 

The formulation of the dimensionless Bond number grouping, consis t ing es­
s e n t i a l l y  of the r a t i o  of accelerat ion t o  cap i l l a ry  forces ,  has led  t o  t h e  
successful cor re la t ion  of the magnitude of accelerat ion required t o  disrupt  t he  
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equilibrium liquid-vapor in te r face  (refs. 2 t o  4) .  The c r i t i c a l  Bond number 
del ineat ing the  s tab le  and unstable regions i n  cylinders was  shown t o  be in­
dependent of t h e  l i qu id  propert ies ,  t he  radial dimension, and the  applied ac­
ce le ra t ion  f i e l d  and has been ver i f ied  t o  be 0.84 f o r  solid-liquid-vapor systems 
possessing 0' contact angles (ref. 5) .  However, t h e  dynamic behavior of t he  
liquid-vapor in te r face  under t h e  influence of random accelerat ion perturbations 
r e su l t i ng  i n  Bond numbers grea te r  than c r i t i c a l  i s  s t i l l  l a rge ly  unknown. A s  i s  
e a s i l y  ver i f ied  by the  most cursory of l i t e r a t u r e  searches (e.g., bibliography 
i n  ref. 6 ) ,  considerable a t t en t ion  has been focused on the  control  and s t a b i l i t y  
problems associated with propellant sloshing during the  powered phase of t he  
f l i g h t  but very l i t t l e  on t h e  gross motion of t he  propellant under conditions of 
zero gravi ty  or low-gravity-induced environments. While the former problems are 
indeed s igni f icant ,  the  lat ter aspects of propellant behavior have recent ly  
generated considerable i n t e r e s t  primarily because of the proposed use of auxi l ­
iary thrus tors  designed t o  posi t ion or r eo r i en t  t he  liquid-vapor in te r face  by 
inducing a low-body-force environment su f f i c i en t ly  pr ior  t o  e i the r  main engine 
r e s t a r t  or venting operations. The dynamic behavior of t he  liquid-vapor i n t e r ­
face during t h i s  reor ien ta t ion  or col lec t ion  mode is  of immediate in t e re s t .  The 
i n i t i a l  conditions of t h e  in te r face  p r io r  t o  the  appl icat ion of the  imposed ac­
ce le ra t ion  w i l l  determine the mode of l i qu id  flow. Jus t  as the  s t a b i l i t y  charac­
t e r i s t i c s  of a plane in te r face  a re  quite d i f f e ren t  from those of a spheroidal 
interface,  the  unstable mode i n  each instance w i l l  be s imi la r ly  affected.  I n  
t h i s  invest igat ion the  i n i t i a l  system conditions resu l ted  i n  a highly curved 
interface ( i . e . ,  low i n i t i a l  Bond number loading) pr ior  t o  the  appl icat ion of 
the  imposed acceleration. 

The mode of l i qu id  flow following the  disrupt ion of t he  interface under 
the  ac t ion  of low-level-acceleration induced body forces  has been noted i n  a 
p i l o t  experimental program ( r e f .  7 ) ,  and a cor re la t ion  of t he  s ign i f icant  
parameters governing the  ve loc i ty  of t he  in te r face  based on scaled experiments 
conducted a t  normal gravi ty  conditions has been established ( r e f .  2 ) .  No other 
invest igat ions directed immediately toward the  co l lec t ion  of propellants a r e  
apparent; however, a large port ion of t heo re t i ca l  and experimental work dealing 
with f l u i d  dynamics e x i s t s  t h a t  i s  applicable t o  the  motion of the  interface i n  
response t o  low accelerations.  The inv isc id  po ten t i a l  theory of Taylor describ­
ing the  draining of l iqu ids  from closed, v e r t i c a l  c i rcu lar  tubes ( re f .  S ) ,  f o r  
example, has formed the  basis f o r  t he  previously mentioned investigations.  
Other papers ( r e f s .  9 t o  11)have extended the  theory t o  viscous systems and 
have provided su f f i c i en t  background f o r  e x p l i c i t  cor re la t ion  of low-acceleration 
flow phenomenon i n  simple geometries. 

The purpose of t h i s  report  i s  t o  present t he  r e s u l t s  of an experimental 
invest igat ion conducted at the  NASA Lewis Research Center of t he  motion of the  
liquid-vapor interface contained i n  a cylinder i n  response t o  an imposed ac­
celerat ion.  An extensive program w a s  first conducted under normal-gravity 
conditions ( i . e . ,  1g) t o  extend the  ex is t ing  cor re la t ion  of ascending bubble 
ve loc i ty  i n  closed v e r t i c a l  cylinders.  The empirical  r e l a t i o n  obtained, the  
resu l tan t  prof i le  following the  disrupt ion of t he  in te r face ,  and an estimate of 
t he  instantaneous leading edge ve loc i ty  were then  ve r i f i ed  as functions of low 
accelerat ion (< 1g) and the  per t inent  system parameters. The l a t t e r  inves t i ­
gation w a s  conducted i n  a 2.3-second zero-gravity drop-tower f a c i l i t y  t o  allow 
the  liquid-vapor in te r face  t o  approach i t s  zero-gravity equilibrium configura­
t i o n  and t o  provide a proper environment f o r  t h e  induced low-acceleration f i e l d .  
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SYMBOLS 

system acceleration, cm/sec 2 

interface leading-edge acceleration, cm/sec 2 

Bond number, Bo = a 32/p 

Froude number, Fr = V 0 / ( a R ) l i 2  

cylinder radius,  cm 

Reynolds number 

vapor penetration rate, or ullage veloci ty ,  cm/sec 

in te r face  leading-edge displacement, cm 

vapor, or ullage,  displacement, cm 

spec i f ic  surface tension, o/p, cm3/sec2 

l i qu id  viscosi ty ,  CP 

l iqu id  density,  gm/cm 3 

surface tension, dynes/cm 

RESULTS A.ND DISCUSSION 

Previous Investigations 

The ,motion of long or i n f i n i t e  bubbles i n  closed, v e r t i c a l  cy l indr ica l  
containers ( f ig .  I, p. 4) has a t t r ac t ed  the  in t e re s t  of many invest igators .  A 
summary of t h e i r  work appears i n  reference 9. Graphic descriptions of the r a t e  
a t  which the vapor phase penetrates t he  l iqu id  phase, or the  ascending bubble 
veloci ty ,  as a function of cylinder diameter f o r  a par t icu lar  l iqu id  a re  
presented i n  references 10 and 12. Although no exp l i c i t  expression f o r  the  
bubble ve loc i ty  w a s  obtained, three d i s t i n c t  regions charac te r i s t ic  t o  long 
bubble motion were apparent from these studies.  I n  terms of the  Bond number 

aR2BO = -
P 

where the  density of t he  vapor phase has been neglected, 
regions may be delineated: 

(1)0.84 < Bo 1.05 

( 2 )  1.05 < Bo < 10 
(3) Bo > 10 

the  following three 
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For Bond numbers l e s s  than 0.84, t he  bubble 
remains s ta t ionary,  i n  accordance with the known 
value of t he  c r i t i c a l  Bond number. I n  the  f i rs t  
region (0.84 < Bo C1.05)  Bretherton obtained 
fram lubr ica t ion  theory the  following equation 
f o r  t he  ve loc i ty  of t he  bubble (ref. 11):1 

Effective accel­

eration field 2/9 1/3 


1 . 2 4 9  + 2.24(-) (J = BO - 0.842 (2) 

where q and (J a re  the  v iscos i ty  and the  sur­
face tension of the  l iqu id ,  respectively.  The 

Figure 1. - Interface profile under imposed accel- expression has not, however, been experimentally
eration directed perpendicular from vapor to 
liquid phase (where xp is vapor penetration verif ied.  The t h i r d  region (Bo > lo), ind ica t - 6 

displacement and xL is leading-edge displace- ing i n  accordance with equation (1)t h a t  cap i l ­
ment). l a r i t y  i s  becoming negligible,  has been described 

i n  terms of Taylor's inviscid po ten t i a l  theory 
( r e f .  8) ,  where it w a s  shown t h a t  

Vo = 0.464 ( 3 )  

Taylor did ve r i fy  t h i s  r e l a t i o n  t o  h i s  own sa t i s fac t ion ,  although the  experi­
,merits were abbreviated and indicated d i f f e r ing  numerical constants. The region 
of intermediate Bond numbers has not been described by ana ly t ic  theory, but the 
invest igat ions previously reported have indicated a strong dependence of bubble 
ve loc i ty  on surface tension (or equivalently,  Bond number). 

A n  empirical cor re la t ion  employing Taylor 's  theory and the  apparent depend­
ence on the  Bond number has been suggested by reference 2: 

where f(Re) i s  an empirically obtained correction f ac to r  based on the  Reynolds 
number t h a t  approaches 1as Re approaches 200. It i s  noted t h a t  equation (4)  
reduces t o  equation (3) f o r  high Bond numbers d i f f e r ing  only i n  the  constant. 
Since the  Reynolds number i s  i t s e l f  a function of t he  unknown veloci ty ,  
equation (4)  does not, however, e a s i l y  allow f o r  the  calculat ion of Vo i n  the  
intermediate Bond number region. 

Motion of Liquid-Vapor Interface i n  Normal-Gravity Field 

Vapor pene t r a t ion ra t e .  - I n  order t o  es tab l i sh  f i rmly the correlat ion of 
t h e  ascending bubble veloci ty ,  an experimental program w a s  conducted a t  normal-
gravi ty  conditions through a carefu l ly  documented region of Bond numbers rang­
ing from 3.49 t o  1870. The cylinders producing Bond numbers l e s s  than 34 had 
precis ion bore diameters uniform t o  k O . 0 1  millimeter t o  e s t ab l i sh  the  t r a n s i t i o n  
region t o  Taylor flow. To eliminate any end e f f ec t s ,  t he  fineness r a t i o s  
(length t o  diameter) of a l l  t he  cylinders were greater  than 10 t o  1. The chem­
i c a l l y  pure l iqu ids  used i n  t h i s  study were r e s t r i c t e d  t o  those possessing low 
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v i scos i t i e s  (of the  order of 1cP) and 0' contact angles on 
the  boros i l ica te  glass  tubing employed i n  the  study. To 
ensure perfect  wetting, the  cylinders were carefu l ly  cleaned 
by the  same  procedure as used f o r  the  low-acceleration inves­
t i g a t i o n  (see appendix). After a l in ing  the  tubing t o  within 
1' of t rue  ve r t i ca l ,  the cylinders were f i l l e d  and drained 
s i m i l a r  t o  the manner reported i n  references 8 and 9. All 
data  w e r e  taken by high-speed photographic techniques; a 
t y p i c a l  frame appears i n  f igure  2. 

The r e s u l t s  of t he  normal-gravity invest igat ion are 
shown i n  f igure  3, where the  Froude number, defined as the  
r a t i o  of t h e  bubble ve loc i ty  t o  the  square root  of t he  ac­
ce le ra t ion  times the  radius  of t he  cylinder,  i s  p lo t ted  as a 
function of t he  Bond number. The equation 

w a s  obtained by a curve f i t t e d  t o  these data employing the  two 
l imi t ing  boundary conditions 

vo = 0 f o r  Bo -< 0.84 

Vo = K(aR)1/2 f o r  Bo >> 10 

Figure 2. - 1-g Bubble mo­

t ion. Tube inside diameter, obtained from the  author 's  previous s tudies  and. Taylor's 

4.67 centimeters; Bond potent ia l  theory. The r e l a t i o n  describes the  data i n  the  

number, 455; vapor pene­

t rat ion rate, 22.9 centime-

Bond number region 3.49 t o  1870 t o  within 5 percent. I n  order 

ters per second. 	 t o  fur ther  substant ia te  equation (5) and t o  determine the  

lower l i m i t  of i t s  v a l i d i t y  with respect t o  Bond number, the  
data i n  references 8 t o  10 were p lo t ted  i n  f igure  4 together 
with t h i s  empirical equation. The agreement of the  equation 
with the  published experimental data  i s  remarkable and i s  seen 
even t o  include Bond numbers approaching 1. The v a l i d i t y  of 

-m 
3 

Bond I 
101 

I
er, Bo 

104 

Figure 3. - Results of normal-gravity investigation. Liquid viscosit! 1.2 centipoise. 
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IHattori, ref. 10 
A Goldsmith and Mason, ref. 9 
D Davies and Taylor, ref. 8 
o NASA 

102 

100 101 _- 14 
Bond number, Bo 

Figure 4. - Correlation of published data, System acceleration, 980 centimeters per second squared; l iqu 
viscosity, 0.25 to 5.6 centipoise. 

equation (5) f o r  Bond numbers greater  than 1and low-viscosity f l u i d s  i s  f i rmly
established. A summary of a l l  the  per t inent  parameters involved i n  the  normal-
gravi ty  invest igat ion i s  contained i n  t ab le  I. It i s  noted t h a t  t he  Taylor 
region begins a t  a Bond number of 1 2 ,  so t h a t  

Vo = 0.48(~S)~/~ f o r  Bo > 1 2  ( 6 )  

The constant d i f f e r s  from those i n  equations (3) and ( 4 )  by several  percent. 

Leading-edge displacement. - The method of i n i t i a t i n g  the  bubble motion i n  
normal gravi ty  does not permit t he  motion of the  leading edge of the  interface 
t o  be examined. It i s  expected from Taylor 's  theory of i n e r t i a  flow t h a t  the  
leading edge should accelerate  f r e e l y  with the  magnitude given by the normal 
grav i ta t iona l  acceleration. The basic  cor re la t ion  of the  r a t e  of penetration of 
t he  vapor phase (eq. ( 6 )  ) with Taylor ' s theory (eq. (3)) f o r  Bond numbers 
greater than 1 2  e f f ec t ive ly  substant ia tes  t h i s  assumption regarding the motion 
of t he  leading edge, a t  l e a s t  under normal grav i ty  conditions. I n  low-
accelerat ion environments, however, t he  assumption of i n e r t i a  flow may not be 
e n t i r e l y  va l id ,  as the  viscous forces  a t  the  w a l l  might very wel l  cause the  
leading edge t o  reach a terminal ve loc i ty  rapidly.  I n  order t o  es tab l i sh  the  

!motion of the  leading edge of t he  interface and t o  ve r i fy  t h a t  t he  r a t e  of pen.-
&ra t ion  of the  vapor phase as a fuilction O f  accelerat ion i s  cor rec t ly  given by 
equation ( 5 ) ,  the  experimental invest igat ion W a s  continued i n  low-acceleration 

I 

environments. 

Motion of Liquid-Vapor Interface i n  Low-Acceleration Field 

Experimental l imitat ions.  - The apparatus and procedure used t o  obtain low-
accelerat ion f i e l d s  ( l e s s  than 1g) a re  given i n  the  appendix. The r e s u l t s  of 
t h i s  low-acceleration invest igat ion may be f irst  examined i n  terms of a repre­
sentat ive run i n  which two cylinders,  d i f f e r ing  i n  r a d i i  but containing ident i ­
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TABLE I. - SUPMARY OF PARAIETERS 

Liquid 

NASA= I 

0.476 1.579 10.27

1.11 15.8 

2.34 22.9 

4.77 33.8 

,635 11.7 

,476 10.2 

,317 8.5 

,317 8.55 


Anhydrous ethanol 2.34 0.789 23.3

4.77 34.2 

,635 11.9 

,476 9.7 

,317 22r 1 

5.8 

01stilled waterb 4.77 72.75 
,635 72.75 

Carbon tetrachloride 26.8 
26.8 
26.8 

Water 	 0.615 72.15 

1.08 72.15 

3.97 72.75 


Silicone oils I 0.500 	 18.7 

19.5 


Water 0.500 71.6

'500 


0.64I 1::: 
0.405 

.465 

,525 
.55 

.35 

.30 

.29 


1 
, 2 7 5  

0.595 


:;E 
0.26 


.30 

.28  

0.35 

.30 

,275 


1.11 

.71 

.64 


0.465 

,405 

.38 


0.195 

.18 


aNASA data, pdrameters at 20' c. 

1.0 1.0 33.7 
1.0 1.0 10.4 

1.595 0.97 7.55 
1.595 .97 11.35 
1.595 .97 10.1 

Taylor 	 I
I 

1.0 1.0 '9.94 0.405 5.09 72.7 

1.0 c14.88 

1.0 I ::E 

I 
I c29.83 

I 
I I

I 
2:::; 1 1


I 

G o 1 , i s m i t h  and Mason 

di.15 2.5 

d1.08 5.6 


d1.02 1.0 


1.11 

1.20 4.12 0.205 
6.05 .28 
7.76 
8.41 
1.98 

,342 
,362
.lo7 

,532 
.27 
,121 

,031 
,016 
,007 

1.11 9.54 0.395 
2.82 ,146 I

1.11 ,715 .042 


1.24 -0.002 "O.cc013 
1.24 ,633 ,037
1.24 ,142 ,009 I 
0.79 2 . 2 6  0.122 
.79 .785 
.79 ,299 

1.28 15.55 0.471 
1.28 12.38 
1.28 11.63 

1.39 0.45 
.402I .37 

.25 

,077 


"0.25 11.2 0.482 
9.81 .46 
7.78 .41 
5.87 .34 
3.95 .25 
1.17 ,0861 .292 ,023 

I 1 


16.26 

18.06 


5.49 73.06 at 17.75' C 
6.76 73.06 at 17.75' C 
16.5 73.06 at 17.75' C 

I d 
0.89 74.12 at 11.7' C 
1.19 74.12 at 11.70 c 
1.04 74.12 at 11.7' C 


1.68 71.36 at 30.7' 

1.24 71.36 at 30.7O C 

1.04I C

1 L 
71.36 at 30.7O C 

41.5 29.1 at 16.9' C 
17.0 29.1 at 16 9' C 
13.8 29.1 at 16:9' C 

7.21129.39 at 12.6' C I 

1.26 29.57 at 10.75' C 
1.07 29.57 at 10.75O C 
1.68 29.57 at 10.75' C 
2.25 29.43 at 1 8 . 1 O  C 

11.72 25.3 at 10' C 
8.38 
5.6 

1.4 

1.05 


I I 
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bMaximum ionic impurity Concentration, 1 ppm (with reference to sodium chloride) 


'Average values. 

dObtaIned from given Reynolds no. 

eCalculated from given Froude no. 


fViSCOSitleS obtained from handbook values at given liquid temperature. 


'P calculated from ideal variation with temperature for given liquids 




(a) 1-9 Coniiguration: 0 second. fc)0-g Formation period; 0.42 second. .. . 

fb )  0-g Formation period; 0.25 second. Id) Initiation of applied acceleration; 0.76 second. 
~~ 

Figure 5. -Interface velocity profile during representative data run. 

ji__ 

ca l  liquids, are  subjected to a cmmon imposed acceleration. Photographs il­
lustrating the behavior of the liquid-vapor interface during the entire portion 
of t h i s  representative t e s t  run are shown i n  figure 5; the liquid is  trichloro­
trifluoroethane, the imposed acceleration 1s 36.3 centimeters per second 
squared, and the r ad i i  are 1.27 and 2.03 Zen-Limeters f o r  the right and l e f t  
cylinders, respectively. The resultant Bond numbers itre 5.0 and 12.7. The 
displacements of the leading edges of the interface XL and the vapor or ullage 
penetrations into the liquid xo are given i n  figure 6 as functions of time. 
As  ,may be seen f r o m  Yais figure, the 0.76 second allowed f o r  the formation of 
the zero-gravity equilibrium configuration w a s  not sufficient to ensure com­
pletely quiescent conditions prior to the in i t ia t ion  of the imposed accelera­
tion; that  is ,  both the leading edge and the vapor penetration have f in i t e  
velocities at  thrust application. A s  such, the formation period during each 
t e s t  run represents an i n i t i a l  perturbation t o  the desired regular mode of 
liquid flow, and a transit ion region occurs prior t o  steady-state regular f l o w .  
The net result of t h i s  perturbation is  to reduce the acquisition of steady-
state  f l o w  data and to compound the probable error of measurement. The time 
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Applied acceleration Applied acceleration 

(e) 0.94 Second. th)  1.51 Seconds. 

I f f )  1.19. Seconds. ( i )  1.71 Seconds. 

. I*
i 

fg)1-35Seconds. fj) 1.83 Seconds. 

Figure 5. - Concluded. 
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(a) Cylinder radius, 2.03 centimeters. 

/ 

I 

-Leading­
eration, 

ir penetra 
3.8 cmlsec 

eration, 19.6 cmls 

I I I I . -Vapor penetration 
rate, 2 6 cmlsec 

irmation - accele tion -
I 

0 . 2  . 4  . 6  1.0 1. 2 1.4 1. 6 1. 8 
Time, sec 

(b) Cylinder radius, 1. 27 centimeters. 

Figure 6. - Interface displacement characteristics dur ing  representative data run. 
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TABLE 11. - SUMMARY OF PARAMETERS IN LOW-ACCELERATION ENVIRONMENT INVESTIGATION 

Liquid  	 s p e c i f i c  :ylinder Bond Bubble k o u d e  
surface r a d i u s ,  ?umber r e l o c i t y ,  lumber; 

P,  c 

m3/secL 
cm cm/sec 

' r i c h l o r o t r i f l u o r o e t h a n  11.78 1.42 10.0 1 . 7  0.66 0.17 
2.22 10.1 4.2 1.67 .35 
2.22 10.1 4.2 1.80 .38 
1.27 36.3 5.0 2.61 .39 
2.76 10.0 6.5 2.08 .40 

2.97 10.0 7.5 2.24 .41  
2.03 36.3 12.7 3.82 .45 
4.44 9.9 16 .7  3.38 .51 
4.44 19 .9  33.3 4.62 .49 
4.44 39.3 65.8 6.49 .49 

mhydrous e thanol  28.25 0.79 83.3 1.8 0.87 0.11 
2 .61  9.8 2 .4  1.38 .27 
4.44 9.9 6 .9  3.09 .47 

;ension, R, Bo VO, Fr 

required f o r  the  liquid-vapor in te r face  t o  reach i t s  zero-gravity configuration 
a f t e r  enter ing a weightless environment i s  proportional t o  the  three-halves 
power of the  cylinder radius  ( r e f .  13). I n  order t o  minimize the  perturbation 
due t o  formation i n  the  l imited t e s t  time avai lable ,  t he  rad i i  of t he  cylinders 
had t o  be kept below 4.5 centimeters. Furthermore, p r a c t i c a l  l i m i t s  t o  t he  
s i ze  of spacer addi t ions t o  the  drag shield placed an upper l i m i t  on the  ac­
ce le ra t ion  l e v e l  a t t a inab le  consis tent  with a reasonable time t o  observe steady-
s t a t e  flow. The cylinder radius  and accelerat ion l imi ta t ions  then r e s t r i c t e d  
a t ta inable  Bond numbers t o  values of l e s s  than 100. 

Vajor penetration r a t e .  - Despite these p rac t i ca l  l imi ta t ions ,  s a t i s f ac to ry  
data  i n  the  low-acceleration r e g h e  were obtained. The l a t t e r  stages of t he  
photographic se r i e s  i n  f igure  5 c l ea r ly  revea l  the  mode of l i qu id  flow from 
the  i n i t i a l l y  highly curved in te r face  configuration. The liquid-vapor in te r face  
p ro f i l e  assumes the  form predicted by the  inv isc id  po ten t i a l  theory of Taylor 
with the  base of the  in te r face  being spheroidal and the  f i l m  thickness taper ing 
toward t h e  leading edge. The vapor penetration w a s  symmetric t o  the  ax i s  of 
the  cylinder i n  a l l  instances,  but occasionally the  leading edge did not 
progress evenly ( f i g .  5 ( h ) ,  r i g h t  cyl inder) .  The l a t t e r  e f f ec t  w a s  due t o  
e i the r  a s l i g h t  misalinement of t he  major ax i s  of t h e  cylinder with the  th rus t  
ax i s  or an e r ro r  i n  locat ing the  center-of-mass ax i s  of t he  package. The 
observed symmetry of the  leading edge w a s  extremely sens i t ive  t o  even s m a l l  
package unbalances. 

The measured vapor penetration, or ullage ve loc i t i e s  Vo, and t h e  per t inent  
system parameters i n  t h i s  low accelerat ion study a re  presented i n  t ab le  I1 
(p.  11). The ullage ve loc i t i e s  a r e  shown as a function of the  system parameters 
i n  f igure 7 (p. 12), where the  Flroude-Bond number r e l a t ions  are iden t i ca l ly  
employed t o  the  normal-gravity experiments. The curve i n  f igure  7 i s  t h a t  of 
equation ( 5 ) ,  and the  data points  are seen t o  describe s a t i s f a c t o r i l y  the  em­
p i r i c a l  cor re la t ion  represented by the  equation. With the  exception of t he  
t r a n s i t i o n  region of flow, the  ullage ve loc i t i e s  were observed t o  be constant, 
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Figure 7. - Bubble velocityas funct ion of bond number for drop-tower data. System acceleration, 0.01 to 0.089. 

as i s  typ ica l ly  shown i n  f igures  6(a)  and (b ) .  I n  the  la rger  diameter cylinders 
some osc i l l a t ion  of t he  ullage displacement w a s  noted, due t o  e i t h e r  t h e  per­
turbat ion of the  formation period or more l i k e l y  t o  the  response charac te r i s t ics  
of t he  pressure regulator  i n  the  t h r u s t  system of t he  experiment package. The 
osc i l la t ion ,  however, appeared t o  be highly damped, and the  deviation i n  the  
steady-state flow region w a s  so s m a l l  t h a t  t he  average penetration w a s  l i nea r  
i n  time and the  ullage ve loc i ty  could be e f f ec t ive ly  regarded as constant. It 
i s  fur ther  noted t h a t  the  ve loc i ty  w a s  constant and independent of t he  i n i t i a l  
percentage of l i qu id  f i l l i n g  even t o  the  point of contact of t he  vapor with the  
f la t  base of the  cylinder.  

Leading-edge displacement. - It i s  apparent fran both the  photographs i n  
f igure  5 and the  curves i n  f igure  6 of the representat ive run t h a t  the  displace­
,ment of t he  leading edge i s  not l inear .  The r e s u l t  i s  consistent with theory: 
i f  t h e  p ro f i l e s  of t he  in te r faces  i n  response t o  both i n e r t i a l  and gravi ta t iona l  
body-force accelerat ions are ident ica l ,  t he  cont inui ty  equations demand t h a t  t he  
leading edge accelerate ,  which i s  a necessary converse of Taylor's argument 
(ref. 8) .  The f a c t  t h a t  t h e  leading-edge displacement i s  parabolic i n  time i s  
evidenced by the  sa t i s f ac to ry  curve f i t  t yp ica l ly  represented i n  f igure  6. An 
analysis  of t h e  leading-edge displacement charac te r i s t ics  l ed  t o  the  following 
equation: 

2
3.8 Vo 

aL = 
R 

, Bo > 1.7 ( 7 )  

where aL i s  the  ,magnitude of t he  leading-edge acceleration, and Vo i s  the  
ullage ve loc i ty  given by equation (5) .  The empirical  cor re la t ion  of equa­
t i o n  ( 7 )  w a s  based on t h e  ac tua l  ullage ve loc i ty  as observed i n  each run and is  
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Figure 8. - Ullage velocity as funct ion of radius. Specific surface ten­
sion, 28.25 centimeters cubed per second squared. 

accurate t o  within 10 percent; t he  
accuracy increases with increasing 
Bond numbers. 

Subst i tut ing f o r  Vg yields  

2
Bo 

f o r  Bo > 1 . 7  ( 8 )  

For Bo > 1 2 ,  

y = 0.87 a ( 9 )  

which indicates  a s l i g h t  departure 
from the idea l  s i tua t ion .  ‘The 
v a l i d i t y  of equation ( 7 )  and those 
t h a t  follow are  r e s t r i c t e d  t o  
distances comparable t o  two times 
the  diameter of t he  cylinder,  ap­
proximately the  maximum distance 
obtainable i n  the  present experi­
ment. This r e s t r i c t i o n  is ,  
however, compatible with the  cur­
r en t  design of space-vehicle pro­
pe l lan t  tanks with fineness r a t i o s  
of 2. The motion of t he  leading 
edge i s  undoubtedly v iscos i ty  
dependent and, i n  the  l imited t e s t  

time avai lable ,  t he  t enu i ty  of t h e  conclusion t h a t  the  leading edge would con­
t inue t o  accelerate  i n  time i s  apparent. The existence of a terminal veloci ty  
i s  here nei ther  disproved nor substantiated.  

APPLICATION 


As a r e s u l t  of these invest igat ions,  the  ullage ve loc i ty  under an imposed 
co l lec t ion  accelerat ion i n  r e a l  vehicle propellant tanks can be predicted. I n  
figure 8 a parametric p lo t  i s  presented of t he  ullage ve loc i ty  against  tank 
radius  f o r  one l i qu id  t h a t  i s  representative of .many propellants.  The curve w a s  
obtained from equation (5)  by extending t h e  r e l a t i o n  t o  tank radii that a re  
cur ren t ly  under consideration f o r  space vehicles.  It can be seen from f igure 8 
t h a t ,  f o r  space vehicles having tank r a d i i  of t he  order of 5 f e e t  (152.4 cm) ,  a 
typ ica l ly  imposed co l lec t ion  accelerat ion of g w i l l  result i n  an ullage 
ve loc i ty  of s l i g h t l y  greater  than 18 centimeters per second. Hence, if the  
percentage of r e s idua l  propellant i n  a given tank geometry i s  known, an estimate 
can be made of t he  t i m e  required f o r  t he  ullage t o  move from the  assumed worst 
configuration a t  the  pump port ion t o  the  vent port ion of the  tank. 
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Quite obviously, an ideal ized s i tua t ion  has been presented; f o r  example, 
the  ullage ve loc i ty  cor re la t ion  has been given f o r  an unbaffled cy l indr ica l  
geometry ( i . e . ,  no l i qu id  l e v e l  probes, surface tension baf f les ,  e tc .  ), where 
it has been t a c i t l y  assumed t h a t  the  ullage ve loc i ty  remains constant through­
out t he  col lect ion mode ( i . e . ,  no e f f ec t  of tank extremities). The former 
aspect of the  e f f ec t  of geometry would be expected t o  a l t e r  t he  given ve loc i ty  
correlat ions,  and i n  the  presence of various in t e rna l  tank hardware could even 
a l t e r  t he  regular symmetric mode of propellant flow. The l a t t e r  aspect of t he  
possible e f f ec t s  of tank extremities may reduce t h e  veloci ty ,  although such a 
reduction has yet t o  be experimentally ver i f ied .  A s  w a s  previously s ta ted ,  no 
observable e f f ec t  on the  ullage ve loc i ty  due t o  the  f l a t  bottom of r i gh t  c i rcu­
lar cylinders had been noted i n  the  low-acceleration investigation. While the  
significance of these two aspects i s  not t o  be minimized, the  net adverse e f ­
f e c t  would be a reduction i n  the  ullage veloci ty .  Hence, f igure  8 or equa­
t i o n  (5)  represents a reasonable estimate of t he  ullage ve loc i ty  under the  
given col lect ion accelerat ion even when the  geometry i s  l e s s  than ideal .  

While the  ullage i s  moving a t  a constant r a t e  toward the  vent portion of 
t he  tank, the  leading edge of the  interface i s  accelerat ing toward the  pump 
i n l e t  portion of t he  tank with a magnitude given by equation ( 7 ) .  If the  per­
centage of res idua l  propellant i s  s m a l l ,  the  instantaneous leading-edge ve loc i ty  
may become s o  large t h a t  "geysering" becomes a de f in i t e  p o s s i b i l i t y  when the 
l iqu id  meets a t  t he  bottom of the  tank. Hence, time estimates f o r  complete 
propellant reor ientat ion cannot be inferred only from ullage displacement con­
s idera t  ions. 

SUXMARY O F  RESULTS 

An experimental invest igat ion of t he  ve loc i ty  of t he  liquid-vapor interface 
i n  a cy l indr ica l  geometry w a s  conducted i n  various accelerat ion f i e l d s  ranging 
from 980 t o  9.8 centimeters per second squared. The conditions p r io r  t o  the  
appl icat ion of the  imposed accelerat ion resu l ted  i n  an i n i t i a l l y  highly curved 
liquid-vapor interface.  Under the  s t i pu la t ion  t h a t  i n e r t i a  flow m a y  be assumed 
( i . e . ,  s m a l l  viscous forces  i n  comparison with accelerat ion and surface tension 
forces) ,  t h a t  the  aceelerat ion f i e l d  i s  applied p a r a l l e l  t o  t he  longitudinal 
ax i s  of the  cylinder and pos i t ive ly  directed from the  vapor t o  the  l i qu id  phase, 
and t h a t  the  solid-liquid-vapor system possesses a 0' contact angle, the  inves t i ­
gation yielded the  following resu l t s  : 

1. The liquid-vapor interface p ro f i l e  assumes the  form predicted by the  
inviscid poten t ia l  theory of Taylor. 

2. The r a t e  at  which the  vapor phase penetrates the  l i qu id  phase i s  con­
s t an t  and the ullage ve loc i ty  may be obtained from the  following empirical 
r e l a t ion  which includes Bond numbers approaching 1: 

Vo = 0.48(~~R) ' /~[ l-(F)Bo/4.7] 
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where 

Vo ullage ve loc i ty  

a system accelerat ion 

R cylinder radius  

Bo Bond number 

3. The leading edge of t he  liquid-vapor in te r face  i s  accelerat ing over 
l i nea r  distances comparable t o  fineness r a t i o s  of 2. The magnitude of the  
leading edge accelerat ion may be estimated from the  following empirical r e l a t ion :  

23.8 Vo 
aL = R , Bo > 1.7 

where aL i s  the  leading-edge accelerat ion and Vo i s  the  calculated ullage 
veloci ty  . 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, June 11, 1965. 
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APPENDIX - APPARATUS AND PROCEDURE FOR LOW-ACCEUBATION INVESTIGATION 

T e s t  F a c i l i t y  
I. 

The experimental invest igat ion was  conducted i n  the Lewis Research Center 
Drop Tower ( f ig .  9), which provides a usable drop distance of 85 feet ,  or 
2 .3  seconds of unguided f r e e  fa l l .  I n  this  f a c i l i t y ,  air drag on the  experiment 
package i s  kept below g by allowing the  package t o  f a l l  inside a protect ive 
drag shield.  The drag sh ie ld  i s  designed with a high r a t i o  of weight t o  f r o n t a l  
area and a low drag coef f ic ien t  t o  minimize deviation from t r u e  f r e e  fa l l .  The 
relative posi t ion of t he  experiment package with respect  t o  the  drag shield 
during a t e s t  drop i s  presented In figure 10. The experiment package and the  
drag shield f a l l  simultaneously, yet  a r e  completely independent of each other 
during the  drop. The accelerat ions imposed on the  experiment package neces­
s i t a t e d  the  addi t ion of spacers t o  the  drag shield t o  compensate f o r  t he  added 
r e l a t i v e  distance the  package t rave ls .  

Figure 9. - 2.3-Second drop-tower facility. 
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(b)  Free fall (formation of zero-gravity 
configuration). 

(d) Position af ler test drop. 

Figure 10. - Schematic drawing showing sequential position of experiment package and drag shield before, 
during, and af ler  test drop. 

The experimentpackage ( f ig .  11)is  a self-contained unit equipped t o  
recover photographic data. Borosil icate glass cylinders containing the  t e s t  
l i qu id  a re  su i tab ly  mounted i n  a box having a d u l l  white i n t e r i o r  and are  in­
d i r e c t l y  illuminated t o  allow a 16-millimeter high-speed motion-picture camera 
t o  photograph the  l i qu id  behavior during the  drop. Low accelerations a re  im­
posed on the  experiment by expelling compressed nitrogen gas from a t h r u s t  
nozzle located on top  of t he  package. The thrus tor  system consis ts  simply of a 
high-pressure accumulator and a fast-response pressure regulator and solenoid 
valve. Power t o  operate the  e l e c t r i c a l  hardware i s  obtained from nickel-cadmium 
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Figure 11. - Experiment package. 

r Photoresistive switch ’ 

Thrust-control  unit 

Figure 12. - T h r u s t  calibration system. 
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b a t t e r i e s  car r ied  on the  experiment package. 

The l iqu ids ,  t h e i r  physical  propert ies ,  and the  parameters per t inent  t o  
t h i s  invest igat ion a re  presented i n  t ab le  I1 (p. 11). The l iqu ids  possess Oo 
contact angles with boros i l ica te  glass .  A s m a l l  quant i ty  of dye w a s  added t o  
each l i qu id  t o  improve photographic qual i ty ,  t he  addi t ion of which had no 
measurable e f f ec t  on the  l i qu id  properties.  

Operating Procedure 

Prior  to each t e s t  drop, t he  experiment package w a s  carefu l ly  balanced t o  
locate  the  center-of-mass ax i s  on the  l i n e  coincident with the  t h r u s t  ax i s  
( f ig .  10). The magnitude of t he  thrust w a s  determined by means of t h e  t h r u s t  
ca l ibra t ion  system shown i n  f igure  12 .  The package w a s  placed on a f r i c t i o n l e s s  
a i r  bearing with t h e  t h r u s t  incident on a strain-gage load c e l l  mounted i n  l i n e  
with t h e  t h r u s t  axis .  The solenoid valve was actuated by a photoresist ive 
switch i n  the  e l e c t r i c a l  control  un i t  t o  avoid introducing a drag fac tor  through 
a physical connection t o  the  package. The ac tua l  accelerat ions used i n  t h i s  
study, as determined by t h i s  ca l ibra t ion  procedure, ranged from 83.3 t o  
9.8 centimeters per second squared +4 percent ( tab le  11). 

Contamination of t he  l iqu ids  and glass  surfaces,  which could a l ter  the  
l i qu id  propert ies  and contact angle of t he  t e s t  l iqu ids ,  w a s  carefu l ly  avoided. 
A preliminary cleaning of the  glassware i n  a detergent solut ion w a s  followed by 
an  immersion i n  hot chromic acid and f i n a l l y  by an u l t rasonic  cleaning i n  a 
solut ion of detergent and d i s t i l l e d  water. The cylinders were then r insed i n  
d i s t i l l e d  water, dr ied i n  a w a r m - a i r  dryer,  and f i l l e d  t o  the  desired height 
with the  t e s t  l iqu id .  

After t he  cylinders were mounted i n  the  l i g h t  box, the  experiment package 
w a s  placed inside the  drag shield.  The pos i t ion  of t he  wire support mechanism 
on the  pr inc ipa l  v e r t i c a l  ax i s  of t he  package necessitated the  locat ion of t he  
t h r u s t  ax i s  (and hence the  center of m a s s  of the  experiment package) t o  be off 
the  v e r t i c a l  center l i ne .  The e n t i r e  assembly, consis t ing of the  drag sh ie ld  
and the  experiment package, w a s  counter-balanced t o  ensure t h a t  the  assembly 
would not tilt when suspended from the  support w i r e  p r io r  t o  the  ac tua l  drop 
( f i g .  10). Rotation of t he  drag shield due t o  the  nonsymmetric m a s s  d i s t r ibu­
t i o n  during the  f a l l  w a s  negligible.  I n i t i a t i o n  of f r e e  f a l l  w a s  accomplished 
by pressurizat ion of an a i r  cylinder t h a t  forced a knife  edge in to  the  support 
wire and caused it t o  fa i l .  The appl icat ion of the  accelerat ion w a s  preceded 
by a time delay (of t he  order of 0.7 sec)  t o  allow the  liquid-vapor in te r face  
t o  form i t s  zero-gravity configuration. This time w a s  generally not su f f i c i en t  
t o  ensure t h e  complete absence of o sc i l l a to ry  in te r face  motion toward the  
unique time-independent, zero-gravity in te r face  configuration, but represented, 
f o r  t he  range of cylinder diameters and l i qu id  propert ies  used, a compromise 
between an adequate formation period and a su f f i c i en t  time i n  the  low-
accelerat ion f i e l d  t o  observe the  dynamic behavior of t he  interface.  (Further 
discussion of t h e  e f f e c t s  of t h i s  formation period on subsequent ve loc i ty  
measurements i s  contained i n  t h e  sect ion on low-acceleration data.) Pr ior  t o  
deceleration i n  a sandbox, t he  package came t o  r e s t  on the  bottom of the  drag 
sh ie ld ,  and t h i s  resu l ted  i n  a us3ble t e s t  time of 2.15 seconds. The upper 
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t i m e  l i m i t s  i n  f igures  5 and 6 were due so le ly  t o  camera view angle r e s t r i c ­
t ions .  While wide angle lenses w e r e  generally used i n  the  invest igat ions t o  
make f u l l  use of the  maximum t e s t  time of 2.15 seconds, selected frames from 
these films were usual ly  not of suf f ic ien t  qua l i ty  f o r  report  reproduction. 
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